Using first-principles calculations, we systematically study the potential energy surfaces and dissociation processes of the hydrogen molecule on the Mg(0001) surface. It is found that during the dissociative adsorption process with the minimum energy barrier, the hydrogen molecule firstly orients perpendicular, and then rotates to be parallel to the surface. It is also found that the orientation of the hydrogen molecule at the transition state is neither perpendicular nor parallel to the surface. Most importantly, we find that the rotation causes a reduction of the calculated dissociation energy barrier for the hydrogen molecule. The underlying electronic reasons for the rotation of the hydrogen molecule is also discussed in our paper.
I. INTRODUCTION
It is of great scientific importance to study the dissociation of diatomic molecules on metal surfaces (dissociative sticking), to meet some intrinsic interests on mechanisms for bond breaking and bond formation and origins of activation energy barriers 1, 2 . The dissociation of the hydrogen molecule (H 2 ) on metal surfaces are furthermore key events for lots of technological applications such as hydrogen storage for fuels 3, 4 , hydrogen caused embrittlement 5 , and heterogeneous catalysis 2, 6 . Among all the metals, the Mg(0001) surface is one of the most studied prototypes, both theoretically and experimentally 4, 7, 8, 9, 10, 11 . However, some basic problems concerning the dissociation process and energy barrier still have discrepancies yet. As early as 1981, Nørskov et al. for the first time studied the dissociation of H 2 on the Mg(0001) surface, observing a molecularly adsorbed precursor state and an energy barrier of 0.5 eV for dissociation 8 . Later, by using the more precise first-principles methods, Bird et al. discovered that although the most energetically favorable site for dissociation is the bridge site as reported in Nørskov's paper, the dissociation energy barrier is 0.37 eV, rather than the reported 0.5 eV, and there is no precursor state 9 . However, the discrepancy on the dissociation energy barrier remains ever since then. 
II. CALCULATION METHOD
Our calculations were performed within DFT using the Vienna ab-initio simulation package 16 . The PW91 17 generalized gradient approximation and the projector-augmented wave potential 18 were employed to describe the exchange-correlation energy and the electronion interaction, respectively. The cutoff energy for the plane wave expansion was set to 250
eV. The Mg(0001) surface was modeled by a five-atomic-layer slab plus a vacuum region of 20Å. A 2 × 2 supercell was adopted in the study of the H 2 adsorption since our test calculations have showed that it is large enough to avoid the interaction between adjacent hydrogen molecules. Integration over the Brillouin zone was done using the Monkhorst-Pack 
III. RESULTS AND DISCUSSION
After geometry optimization for the Mg(0001) surface, we build our model to study the potential energy surface (PES) of H 2 on the relaxed Mg surface. As shown in Fig. 1 At the bridge site, however, we find that the total energy of the H 2 /Mg system is not always smaller along the bri-y channel than along other channels. This is a key point in this paper. In fact, at large values of H 2 height from Mg(0001) surface, we find that the total energy is smaller along the bri-z channel than along the bri-y channel. To show this, we plot in Figs. 2(a) -(c) the two-dimensional cuts of the PES along the bri-x, y, z channels.
Correspondingly, the minimum energy paths in Figs. 2(a) -(c) are collected and plotted in Fig. 2(d) . It can be clearly seen that there is a prominent crossing point in the minimum energy paths along bri-y and bri-z channels, at which the distance of the H 2 molecule from the surface takes a value of h H 2 =1.26Å. Before this crossing, the total energy of the adsorption system along the bri-z channel is always lower than along the bri-y channel. This finding indicates that H 2 prefers to orient perpendicular to the Mg(0001) surface until it reaches the height lower than 1.26Å. After the crossing point, whereas, the system along the bri-y channel has a smaller total energy than along the bri-z channel, and H 2 tends to rotate from the bri-z channel to the bri-y channel.
We then further study the influence of the molecular rotation on the dissociation energy barrier of H 2 . For this we have calculated the total energy by fixing the mass center of H 2 at the bridge site with the height of 1.16Å and the molecular bond length of 1.12Å, while allowing H 2 to rotate around its mass center in the y-z plane (see the inset in Fig. 3 ). The calculated angle dependence of the total energy is shown in Fig. 3 . Clearly, it can be seen that the transition state (namely, the saddle point in the PES for H 2 dissociation) should be the structure where the orientation of H 2 is 21
• from the x-z plane. This rotation of H 2 results in a 86 meV modification on the dissociation energy barrier. This finding suggests that steric factors that has not been considered in previous theoretical calculations might be (at least partially) responsible for their discrepancies with experimental measurement.
Although it has long been explored for steric effects on the dissociative adsorption of diatomic molecules on metal surfaces, the specific reasoning has seldom been discussed yet.
Herein we will try to find the underlying mechanisms on the rotation of H 2 during the dissociative adsorption on the Mg(0001) surface, by analyzing carefully the charge distributions and electronic interactions along the adsorption process of H 2 . Figures 4(a) and (b) show the difference electron density for the adsorption system with h H 2 to be 2.00 and 1.16Å along the bri-y channel, namely,
where ρ(H 2 + Mg(0001)), ρ(H 2 ) and ρ(Mg(0001)) are respectively the electron density of the adsorption system, the H 2 molecule and the clean Mg(0001) surface. To calculate ∆ρ, the atomic positions in the last two terms in Eq. 1 have been kept at those of the first term.
Through careful wavefunction analysis, we find that at the beginning of the adsorption process, the molecular orbitals of H 2 orthogonalize with electronic states of Mg and thus are broadened. As shown in Fig. 4(a) , the surface electrons of Mg are repelled from the region occupied by the H 2 bonding electrons due to these orthogonalizations. This interaction has also been observed during the interacations of H 2 with other metals such as the Al(111) 24 and transition metal surfaces 25 . When the H 2 molecule is close enough to the Mg(0001) surface and come to the transition state for its dissociation, electrons transfer from electronic states of Mg to the antibonding orbital of H 2 , which can be clearly seen from Fig. 4(b) . We can also see from Fig. 4(b) that the orthogonalizations between electronic states of Mg and the bonding orbital of H 2 still exist at the transition state.
In total, the orthogonalizations between molecular orbitals of H 2 and electronic states of Mg cause repulsive interactions between electrons of H and Mg, and thus will enlarge the total energy of the adsorption system, while the electrons transfer from Mg to H 2 causes attractive interactions between H and Mg atoms and lowers down the total energy. So during the adsorption process of H 2 , the total energy of the system firstly goes up, then lowers down. This analysis explains why an energy barrier is needed for the dissociation of H 2 on the Mg(0001) surface. Moreover, both the orthogonalizations and electrons transfer are always weaker along the bri-z channel than along the bri-y channel. Therefore, at the beginning of the adsorption process, when no electrons transfer happens, the total energy of the system is smaller along the bri-z channel than along the bri-y channel. And at around the transition state, when the H 2 molecule is very close to the Mg(0001) surface, electrons transfer begins to dominate the molecule-metal interaction. So the total energy along the bri-y channel is smaller at the transition state. Herein, the rotation of H 2 can be seen as the result from the different interactions that respectively favors the bri-y and bri-z channels.
As a result, the minimum energy path for the dissociation of H 2 is neither along the bri-y nor along the bri-z channels. And the corresponding transition state is the one where H 2 orients 21
• away from the x-z plane, as shown in Fig. 3 .
IV. CONCLUSION
In conclusion, we have systematically studied the PESs for the dissociative adsorption 
